The great majority of the genetic lesions associated with cancer lead to cells that do not respond correctly to a variety of signals. Cancer is thus a disease of information usage. Since the signalling pathways mutated in many cancers are highly similar to those involved in development in a wide variety of organisms, the analysis of signalling pathways in model organisms using classical genetics has taught us much about oncogenesis.
In addition to identifying components of pathways and using epistasis to determine their ordering, genetics in model organisms reveals that signalling is highly complex, frequently involving crosstalk between multiple pathways. The outcome of any signal is not universal, but highly dependent on the informational context in which a signal is received. Most cells do not receive single signals, but are hit with a variety of stimuli at any one time; how they integrate these signals dictates the developmental outcome rather than the presence or absence of any one signal in isolation.
The disease corollary of the highly combinatorial nature of signalling is that we find that there is no single genetic lesion that is necessary and sufficient to drive full-blown cancer. Rather, cancer progression requires the accumulation of many interlocking mutations (exemplified in the Fearon and Vogelstein model of colorectal carcinogenesis (Fearon and Vogelstein, 1990) ). To use genetic approaches in model organisms to understand cancer, we need to be able not only to identify individual genes that are involved in signalling but also to examine as comprehensively as possible the complex genetic interactions that underlie the integration and crosstalk between signalling pathways. Until recently, however, classical genetics has not been able to systematically address some key aspects of complex gene interactions. In this review, I discuss how RNAi may be able to shed light on some of these problems.
Classical genetic screens and synthetic biology
Many of the complex genetic interactions involved in signal processing during development can be uncovered using classical genetics. These classical approaches begin with the identification of a single loci that, when mutated, affect the phenotype under investigation: for example, specification of the R7 fate in the fly eye requires Sos, mating signalling in yeast requires STE20, etc. Genetic loci isolated in a forward genetic screen can be ordered into pathways using epistasis analysis, and further genes affecting the signalling pathway can be identified using modifier screens. In almost all cases, classical genetics rests on an initial search for single-gene loci that have a nonredundant function in the pathway of interest.
However, in many cases, complex genetic interactions occur between genes that when mutated individually have no discernable effect on the organism (Hartman et al., 2001) . Such 'synthetic' genetic interactions are very hard to uncover using classical genetics in a complex metazoan, since not only would they require lesions in two independent loci simultaneously, but one would also have to be able to map two (or more) unlinked genetic loci simultaneously to connect the effect with the mutated genes. To say that this is tricky is an understatement.
Despite this inherent difficulty, there are a few fortuitous cases where classical forward genetic screening has directly uncovered genetic interactions between redundant genes in a single screen. These cases come about when two or more genes with redundant or synergistic functions are chromosomal neighbours; a single deletion, such as is often generated in genetic screens, can remove all the redundant genes at once, thus uncovering their functions.
In Caenorhabditis elegans, for example, three vulval precursor cells are prevented from taking on a vulval fate by chromatin remodelling complexes; these complexes repress transcription factors that are targets of a RTK-ras-raf-MAPK pathway (reviewed in Sternberg and Han, 1998; Chang and Sternberg, 1999) . These chromatin regulators appear to be organized in two redundant genetic pathways, the so-called SynMuvA and SynMuvB pathways (Ferguson and Horvitz, 1989) . Mutation of any combination of SynMuvA genes leaves vulval differentiation essentially unaffected; this is also the case for the SynMuvB genes. However, the combined mutation of a SynMuvA and a SynMuvB gene together results in the derepression of transcriptional targets of the RTK-ras-raf-MAPK pathway and in the formation of additional vulval protrusions (the multivulval or Muv phenotype). This phenotype is morphologically identical to that following a gain-offunction mutation in the C. elegans orthologue of ras, let-60 (Beitel et al., 1990) . Furthermore, while SynMuvA genes are poorly characterized, SynMuvB genes include orthologues of the oncogenes E2F and DP-1 along with the tumour suppressor gene p105Rb (Lu and Horvitz, 1998; Ceol and Horvitz, 2001) . Vulval differentiation in the worm is thus a powerful genetic model for examining the complex interplay between RTK-ras-raf-MAPK signalling and E2F, DP-1, and p105Rb (Chang and Sternberg, 1999) .
The first two SynMuv genes cloned were lin-15A and lin-15B (Ferguson and Horvitz, 1989) . These are chromosomal neighbours and encode genes of unknown function, which do not share any evident sequence homology. They appear to be completely functionally redundant with each other: deletion of either gene alone has no effect on vulval development, but deletion of both genes causes a major derepression of ras target genes in the tertiary cells, leading down an almost completely penetrant Muv phenotype (Ferguson and Horvitz, 1989) . These genes were first identified as a single genetic locus that when deleted gave a Muv phenotype (Ferguson and Horvitz, 1985) ; it was only with the molecular characterisation of the encoded genes that it became clear that the deletion removes not one but two genes, and that loss of both is necessary for the Muv phenotype. Had these genes not been neighbours, no single deletion could have identified these two redundant pathways, and thus much of what we now understand about vulval differentiation would remain hidden.
Another example where classical screens have identified a deletion that results in a clear phenotype due to the simultaneous removal of several partially redundant neighbouring genes is the identification of reaper, hid and grim as proapoptotic genes in Drosophila (White et al., 1994; Grether et al., 1995; Chen et al., 1996) . The three genes all lie in the 75C1,2 chromosomal region and deletions covering this region result in flies that are almost completely deficient for normal apoptosis (White et al., 1994) . Each of the three genes can induce apoptosis following mis-expression and all three have been shown to be expressed in dying cells. However, deletion of hid alone causes only a mild defect in developmental death (Grether et al., 1995) ; single deletions of rpr and grim have not yet been analysed. It therefore seems that there is substantial redundancy between these genes, and that deletions of any single gene may have given rise to only weak phenotypes. The fortuitous (from the experimental point of view, rather than necessarily from an evolutionary standpoint) neighbouring location of these genes allowed a single deletion to remove all three and thus uncover their combined role in cell death.
More recently, attempts have been made in C. elegans to use forward genetics to search more systematically for synthetic interactions between genes. For example, in a beautifully constructed experiment, Fay and co-workers used C. elegans to screen for genes that are lethal in a lin-35 loss-of-function background, but not in a wildtype animal (lin-35 encodes the worm orthologue of the tumour suppressor gene p105Rb (Lu and Horvitz, 1998; Fay et al., 2002) ). They identified fzr-1 (an orthologue of the Saccharomyces cerevisiae APC regulator Cdh1) to be synthetically lethal with lin-35 and demonstrated that they have redundant functions in the regulation of cell proliferation (Fay et al., 2002) .
Despite these examples, classical genetics in animal model organisms have not, in general, been used (nor is it easy to use them) to identify genetic interactions between redundant genes or pathways in de novo screens. This is a particular difficulty when addressing highly combinatorial informational processing machinery, such as is used in signalling pathways and transcriptional networks. As such, there may be major areas of biology associated with signalling pathways that are almost inaccessible to classical genetic screening -this is a potentially large problem if we wish to use model organisms to learn about the complex genetic interactions that occur during developmental signalling and that are mutated in human cancers.
RNA interference (Fire et al., 1998) has recently emerged as a valuable complement to classical genetics in model organisms (reviewed in Dykxhoorn et al. (2003) and in this issue). In particular, in C. elegans, genome-wide RNAi screens have greatly increased our knowledge of single gene functions. It may be that RNAi analysis may also provide us with insights into complex multigenic interactions and allow us to examine the functions of groups of redundant genes. In the remainder of this review, I discuss the future prospects for the use of RNAi to examine synthetic biology in C. elegans.
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Using RNAi to probe genetic interactions in C. elegans
The effect of removing most genes -whether through the construction of a genetic mutant or through RNAiis highly dependent on the genetic context. The first major phase of large-scale RNAi screening in C. elegans has focused principally on the analysis of RNAi phenotypes in an essentially wild-type background. Screens have been carried to identify the genes which are required for normal embryonic development (Fraser et al., 2000; Gonczy et al., 2000; Piano et al., 2000; Maeda et al., 2001; Zipperlen et al., 2001; Kamath et al., 2003) , or normal movement (Fraser et al., 2000; Kamath et al., 2003) , fat metabolism (Ashrafi et al., 2003) , lifespan (Dillin et al., 2002; Garigan et al., 2002; Lee et al., 2003) and DNA repair (Pothof et al., 2003) . In effect, RNAi has been used as a high-throughput proxy for mutagenesis and positional cloning. This kind of screen is of course continuing -researchers are using the RNAi feeding library (Fraser et al., 2000; Kamath et al., 2003) (this is a library of dsRNA-expressing bacterial strains that can be used to target B85% of predicted worm genes by RNAi and is reviewed in this issue by Poulin et al.) to conduct genome-wide RNAi screens to identify genes that affect their favourite pathway or process. Submission of these phenotypic data to every wormer's favourite database (www.wormbase.org) provides a hugely valuable resource for the community and greatly increases our understanding of the functions of worm genes.
However, it seems clear that in addition to these detailed analyses of RNAi phenotypes in wild-type animals, one of the major next directions for RNAi screening in the worm will be the examination of how the RNAi phenotypes of genes differ between wild-type and specific mutant backgrounds. This may allow us not only to identify synergies and complex interactions between signalling pathways but may also find the shared roles played by functionally redundant genes.
One of the most straightforward views of functional redundancy is that recently diverged paralogues are likely to have more or less overlapping functions. RNAi can thus be used in a directed way to target not just single genes, but multiple paralogues simultaneously to determine their common function. Targeting multiple genes simultaneously by RNAi can thus be viewed as a way of querying gene functions rather than the function of genes. For example, there is a required function for an Akt/PKB-related kinase in the insulin signalling pathway which signals to prevent worms entering the dauer larval stage (reviewed in Nelson and Padgett, 2003) . In the worm, there are two Akt-like kinases, akt-1 and akt-2. Paradis and Ruvkun (1998) demonstrated that while targeting each of these genes alone by RNAi has no discernable effect on worms, targeting both together by RNAi results in almost 100% of affected worms entering dauer. In a similar style analysis, Gotta and Ahringer (2001) showed by RNAi that goa-1 and gpa-16 are two functionally redundant G alpha subunits of a heterotrimeric G protein complex required for the establishment of correct polarity. Targeting multiple paralogues/family members together using RNAi is clearly a powerful way to identify the gene functions carried out by a group of functionally redundant genes.
Functional redundancy is far more complex than suggested in the examples above, however. While it is true that many paralogues have greatly overlapping functions, there is also a higher level redundancy built into many complex gene networks. In these cases, two genes that share no obvious sequence similarity may have redundant roles in development and organism biology -such redundancy is not immediately apparent at the sequence level and one cannot therefore query these functions on a case-by-case hypothesis-driven basis like the examples of akt-1 and akt-2 or goa-1 and gpa-16 above. We need to be able to use RNAi to carry out unbiased screens for genetic interactions. Such approaches are likely to borrow heavily from some astounding recent work in S. cerevisiae examining synthetic lethality.
Two strikes and you are dead -synthetic lethal screens in yeast
In S. cerevisiae, the best-studied eucaryote in the postsequence world, a collection of deletion strains is available (Giaever et al., 2002) . Each strain has a complete deletion of one of the B6000 predicted genes, and the viability of each strain has been determined (Giaever et al., 2002) . In all, B1000 genes appear to be essential for yeast viability, but most of the remaining B5000 genes have little or no effect on yeast viability in normal lab conditions. Do these nonessential genes really play no role in basic yeast biology, or is the lack of phenotype of these deletion strains due to redundancy? To address this, several groups have recently been carrying out systematic analysis of synthetic lethal interactions between these nonessential genes. In essence, the researchers ask: if deleting gene A has no effect on viability, and deleting gene B has no effect on viability, what happens if I delete both A and B? Analysis of synthetic lethality has been a major tool in yeast genetics for some time (reviewed in Hartman et al., 2001 ), but it is only recently that it has been possible to do this systematically, thanks to the deletion strain set. This approach has proved astoundingly successful -for example, it revealed new components of the DNA damage response and DNA repair machinery that had previously evaded genetic analyses (Ooi et al., 2003) . Furthermore, in a ground-breaking recent study, the lab of Charlie Boone screen all B5000 nonessential genes for synthetic lethal interactions with 140 'bait' genes and reveal not only novel connections between fundamental components of cellular machinery but also provide deep insights into the nature of functional redundancy in complex gene networks (Tong et al., 2004) . The synthetic lethal data can allow the clustering of genes into groups of shared functions -if two genes share the same set of synthetic lethals, one can infer that they may have a similar function. In this way, genes of unknown function can be shown to play roles in well-defined pathways and, impressively, synthetic lethal screens have proved able to suggest the mechanism of action of drugs (Lum et al., 2004) .
At least in the unicellular eucaryotic world, then, screening for synthetic lethality has given substantial insights into the functions of redundant genes and pathways and the high-level connectivity in gene networks. Having a similar view of gene interactions in more complex metazoan processes like signal transduction would be very valuable and RNAi screens in C. elegans are underway to address this.
RNAi and synthetic lethals in C. elegans
The probing of genetic interaction space in yeast through the use of powerful tools like the yeast deletion collection to screen for synthetic lethal interactions serves as a pointer for one possible future direction of RNAi in C. elegans. Can we use RNAi to screen the entire C. elegans genome to identify genes that have synthetic lethal interactions with known nonessential worm genes? Can we use that information to cluster genes into pathways and learn about novel aspects of metazoan biology?
In outline, one obvious approach would be to carry out genome-wide RNAi screens in multiple different mutant backgrounds, identifying the sets of lethals in each background. These data could then be used to cluster genes as shown in Figure 1 . Compiling data for a reference set of viable hypomorphic mutant backgrounds that perturb signalling pathways (e.g. multiple alleles of genes involved in the RTK-ras-raf-MAPK pathway, Notch pathways, TGF-beta pathways, etc.) would result in a compendium of synthetic lethal profiles. The hope would be that each pathway has a diagnostic pattern of synthetic lethals, which therefore serves as a kind of 'fingerprint' for that pathway. New genes of unknown function, or drugs of unknown mechanism of action might then be clustered into possible pathways on the basis of their spectrum of synthetic lethality (see Figure 1) .
At present, no such large datasets exist -however, many worm labs are currently embarking on these synthetic lethal analyses and as these data sets become available it will become clearer how successful this approach is in an animal. It is nonetheless worth at this stage considering some of the possible problems and pitfalls ahead.
In yeast, the analysis of synthetic lethals is much easier than in the worm. First, the entire analysis is being carried out not on knockdowns but on complete nulls -this clearly makes interpretation far cleaner. Second, yeast is unicellular -thus, at least the synthetic lethality observed is certainly the result of the removal of two nodes from a single network. In a metazoan, it may be that synthetic lethality may also be observed as a result of perturbing two entirely independent tissues (see Figure 2a) . Inferring mechanistic information from such a genetic interaction is thus immensely difficult (and perhaps ill-advised). Large-scale projects to determine the expression patterns of many worm genes are underway (e.g. in situ analysis of expression of all ESTs at NEXTDB http://nematode.lab.nig.ac.jp/db/index.html; construction of GFP reporters for many worm genes in the Promoterome project (Denis Dupuy and Marc Vidal, pers. comm.)). These will prove immensely valuable to determine whether the interacting genes are expressed in the same tissues. Lastly, one of the best tools to aid the mechanistic interpretation of synthetic lethal data is a physical interaction map. While the Vidal lab have made enormous and heroic progress towards the mapping of the C. elegans interactome , it is still likely to be only B4% complete. It is, therefore, most likely that it will be some time before we can use physical interaction networks constructed in C. elegans to inform our analysis of synthetic lethal interaction data sets (see Figure 2b) .
We may however be able to use complex gene interaction networks constructed in yeast as a guide for our understanding of worm genes. These networks, assembled by integrating diverse large-scale functional data sets in yeast, appear to be robust predictors of gene function in the worm (reviewed in Fraser and Marcotte, 2004) . Thus, while we may be some way from having a complete physical map in the worm, yeast may come to our rescue in the meantime to fill the holes. Examining synthetic lethals in the worm using complex yeast gene networks as frameworks may allow us (at least in the cases where the genes identified have yeast orthologues) to ask whether the synthetic lethality appears to derive from two hits on a single complex or through two hits in different parts of the networks (see Figure 2b) . This difference is clearly important for future hypothesisdriven assays.
There is a last caveat to using RNAi screens for synthetic lethal analysis in the worm. Different worm strains have different levels of normal lethality and, furthermore, seem to have different sensitivity to RNAi (Angelo Fortunato; unpublished data) . For example, while the great majority of genes display very low embryonic lethality when targeted by RNA in wild-type animals, over half of the genes on chromosome III give greater than 40% embryonic lethality when targeted by RNAi in a strain homozygous for a hypomorphic allele of dpl-1 (the worm orthologue of the DP-1 transcription factor (Ceol and Horvitz, 2001) ). A simple identification of genes with increased lethality in a dpl-1 background as a means of defining synthetic lethals would clearly yield no useful mechanistic data -how can we get around this problem?
Perhaps a useful analogy here is with array analysis of tissue-specific gene expression. For example, studies have recently been carried out in humans using Affymetrix technology to examine the expression levels of a subset of human genes across a wide range of normal tissues (Su et al., 2004) . Using these data to identify tissue-specific increases or decreases in expression levels is not completely straightforward, however, since the overall levels of gene expression observed in each tissue vary. Thus, while a naive comparison (i.e. the level of gene X higher in liver than brain) will yield positives, this is not the most informative analysis. The key (as in any array experiment) is to normalize and ask not whether the expression of gene X is different between liver and brain, but whether the expression of X in the liver relative to overall gene expression in the liver is statistically different to the level of expression of X in the brain relative to overall gene expression in the brain.
In exactly the same way as discussed above for array experiments, naive comparisons of lethality between wild-type and mutant strains are likely to yield a very low proportion of 'real' positives. The key is to have a fully quantitative assessment of lethality for every gene in the genome in each of the strains being compared and thus to be able to normalize correctly for the background lethality and RNAi sensitivity in each genetic background of interest. Establishing a high-throughput method for the quantitative analysis of lethality is thus an essential prerequisite for the meaningful analysis of synthetic lethality in the worm. Figure 1 Using synthetic lethal data to cluster genes into pathways. RNAi screens can be used to assemble matrices of phenotypes. In the case shown, RNAi has been used to target genes 1-17 in wild-type animals (wt column) and in a variety of mutant backgrounds (a-g) and the viability assessed (1 ¼ lethal, 0 ¼ viable). The genetic backgrounds can then be clustered into putative pathways on the basis of their synthetic lethals (highlighted with red boxes). In the example shown, backgrounds a, b and e form one cluster, and d, f and c another. This reference set can be used to infer possible functions for either other genes (e.g. the gene mutated in genetic background g) or drugs by comparing the synthetic lethality in the new conditions with reference set. Thus, background g looks most like backgrounds d, f and c, whereas the drug tested appears to act in a similar way to the disruptions in backgrounds a, b and e Despite these caveats, RNAi screening for synthetic lethals is already proceeding apace in the worm, and it will be interesting to see in the coming months what these data sets will tell us about signalling, apoptosis, and other metazoan specific biology. Learning how to use these data to generate testable hypotheses will no doubt take some time, but this initially exploratory phase of examining genetic interactions in a metazoan in a relatively unbiased way will no doubt prove exciting. (a) Synthetic lethality may be observed between genes that affect different tissues. In the example shown, gene A causes a defect in a single cell (marked in black), while RNAi against gene B causes a defect in a different cell (also in black). The combination of these defects may result in embryonic lethality. (b) Using physical interaction data to inform synthetic lethal data sets. Synthetic lethal interactions may occur between genes that are part of the same physically interacting complex, or between genes that are part of different complexes. In the example shown, genes are depicted as small grey nodes, linked in a physical interaction map by edges depicting experimental physical interaction data. There are two obvious 'complexes' in this map, complex 1 (circled in red) and complex 2 (yellow). Disruption of the viable genes A and B together cause the failure of complex 1 and a lethal phenotype. In the second example, disruption of genes A and C also results in lethality although they are part of separate complexes, and sit some distance apart in physical interaction space. These two types of genetic interaction tell us different things about the redundancy in the networks and it is useful to know which case one is dealing with prior to constructing downstream hypothesisdriven experiments
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